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Borehole and ground surface temperatures and their relationship
to meteorological conditions in the Swiss Alps 
Abstract
In Switzerland, several boreholes are monitored within the framework of the Permafrost Monitoring
Switzerland (PERMOS). Three of these boreholes, at Murtèl, at Schilthorn, and at Stockhorn, are at least
60 m deep. In addition, a number of shorter boreholes (c. 6 m deep) were drilled in other projects and
have been continuously observed over several years. Results on long- and short-term behavior of these
boreholes are presented and compared to standard meteorological components, such as air temperatures
and snow cover, measured directly at these borehole sites or nearby. First analyses show the importance
of the snow cover duration and thickness; more important on a local scale are different surface and
subsurface characteristics influencing heat transfer by conduction and heat capacity. The concept of
different offsets between atmosphere and lithosphere is discussed, and data reflecting these offsets are
presented for typical alpine conditions.
723
Borehole and Ground Surface Temperatures and 
Their Relationship to Meteorological Conditions in the Swiss Alps
Martin Hoelzle
Glaciology, Geomorphodynamic, & Geochronology, University of Zurich
Stephan Gruber
Glaciology, Geomorphodynamics & Geochronology, University of Zurich
Abstract
In Switzerland, several boreholes are monitored within the framework of the Permafrost Monitoring Switzerland 
(PERMOS). Three of these boreholes, at Murtèl, at Schilthorn, and at Stockhorn, are at least 60 m deep. In addition, 
a number of shorter boreholes (c. 6 m deep) were drilled in other projects and have been continuously observed over 
several years. Results on long- and short-term behavior of these boreholes are presented and compared to standard 
meteorological components, such as air temperatures and snow cover, measured directly at these borehole sites or 
nearby. First analyses show the importance of the snow cover duration and thickness; more important on a local scale 
are different surface and subsurface characteristics influencing heat transfer by conduction and heat capacity. The 
concept of different offsets between atmosphere and lithosphere is discussed, and data reflecting these offsets are 
presented for typical alpine conditions.
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Introduction
Climatic and microclimatic factors control the surface 
temperature. In turn, the surface temperature is one of 
the major factors influencing the ground thermal regime. 
Usually, once the surface temperature regime is known, the 
thermal regime in the ground, provided it is homogenous, 
can be analyzed without further consideration of climate. 
However, snow cover as well as ground thermal properties 
that depend on surface and near-surface characteristics often 
strongly modify heat and energy fluxes in the ground (Brown 
& Péwé 1973, Harris & Brown 1978). 
Since the early 1980s, climate–permafrost relationships in 
high-alpine areas have been in the focus of Alpine permafrost 
research (cf. Keller 1994, Haeberli et al. 1998, Hoelzle et 
al. 1999, Hoelzle et al. 2001, Hoelzle et al. 2003, Mittaz 
et al. 2000, Stocker-Mittaz et al. 2002). In recent years, 
mountain permafrost research has developed considerably. 
Main efforts are concentrated on improved modeling and 
attempting to couple regional climate models with local scale 
models (Salzmann et al. 2006, Noetzli et al. 2007, Salzmann 
et al. 2007). There is, however, still a considerable lack in 
process understanding of the complex interactions between 
atmosphere and lithosphere in high- mountain areas. This 
is mainly caused by the complex topography and the high 
variability of the spatial and temporal influences of snow and 
surface characteristics (Gruber et al. 2004, Hanson & Hoelzle 
2005). The model-concept describing the offset between 
mean annual air temperature (MAAT) and temperature at 
the top of permafrost (TTOP) has been developed by several 
authors (Burn & Smith 1988, Smith & Riseborough 1996, 
Smith et al. 1998, Henry & Smith 2001, Riseborough 2002) 
and is a useful simplification to overcoming the problem 
of physically coupling the atmosphere and the ground. 
However, snow and surface/subsurface conditions in alpine 
areas differ quite strongly from the ones in the Arctic. First 
attempts to apply the concept of TTOP to mountain areas 
were made by Herz et al. 2003 and Juliussen & Humlum 
2007. In the concepts of Lachenbruch & Marshall 1986, Burn 
& Smith 1988, and Smith & Riseborough 1996, the total 
offset between MAAT and TTOP is often expressed first by 
a surface offset between MAAT and the mean annual ground 
surface temperature (MAGST) and MAGST and TTOP. In 
reality, the surface offset consists of two separate offsets: one 
between MAAT and the mean annual surface temperature 
(MAST) and one between the MAST and MAGST. These 
two offsets are often treated as one, because they are hardly 
ever separately measured. The MAST can be expressed as the 
radiative surface skin temperature, which can be measured 
by an IR thermometer (see Table 1) measuring the thermal 
infrared radiating temperature of the ground surface in its 
field of view. This temperature is measured always at the 
variable current surface of the corresponding season; e.g., in 
winter mainly the snow surface and in summer mainly the 
bedrock surface. 
Until today, no reliable information about long-term 
values of these offsets for alpine areas have been available 
that are based on long-term measurements. The long-
term measurements presented in this paper should help to 
provide first approximations of the various offsets and a 
description of the general relationship between MAAT, 
snow depth, MAGST, and TTOP. This study also reveals the 
importance of long-term monitoring to improve our process 
understanding, which is required to develop useful but 
simple model concepts.
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Table 1. Sensors used in this study.
Variables Sensors 
(Company)
Sensor Type Range Accuracy
Air 
temperature
MP-100A 
(Rotronic)
RTD PT-100
1/3-Din 
ventilated
-40 - +60°C ±10 %
Snow 
height
SR50 
(Campell)
Ultrasonic 
Electrostatic 
Transducer
0.5 – 10 m ±0.01 m
Surface 
temperature
Infrared 
thermometer
IRt/c.5 -35 – 10°C ±1.5°C
Ground 
temp.
Murtèl-
Schilthorn-
Stockhorn 
boreholes
YSI 44006 
Yellow 
Springs 
Instruments
NTC-
Thermistors
-20 - +40°C ±0.02 °C
Ground 
temp.
Active 
layer
UUB31J1 
Fenwal
NTC-
Thermistors
-20 - +40°C ±0.02 °C
Chastelets 
boreholes
YSI 44006 
Yellow 
Springs 
Instruments
NTC-
Thermistors
-20 - +40°C ±0.02 °C
Rocklogger M-Log 
Geoprecision
PT1000 -55 - +85°C ±0.01°C
Measurements at 
Murtèl-Corvatsch and Schilthorn
Meteorological measurements at Murtèl-Corvatsch
The Murtèl-Corvatsch and Chastelets borehole sites are 
located northwest of the Murtèl cable car station within the 
ski area Silvaplana – Piz Corvatsch. The area is situated in 
the Upper Engadine (Eastern Swiss Alps). A steep northwest-
facing rock wall surrounds the area, and the slopes below the 
rock walls are covered by several meters of loose debris. 
Several rock glaciers and protalus ramparts are situated 
at the foot of the slope below the ridge. The area is inside 
the periglacial belt with strong weathering intensity on the 
headwalls resulting in a large amount of debris feeding the 
active rock glaciers below.
One of these rock glaciers is the Murtèl rock glacier 
(46°26´N, 9°49´E), which has been well-investigated over 
many years (Hoelzle et al. 2002). A borehole was drilled in 
1987 and has provided a ground temperature data record 
since then. In 1997 a first micrometeorological station 
was installed at the Murtèl-Corvatsch site (Mittaz et al. 
2000). Such long-term micrometeorological studies at the 
borehole locations (Harris et al. 2003) are needed for process 
understanding, model development, and calibration (Hoelzle 
et al. 2001). They provide data on heat fluxes between the 
atmosphere and the active layer, and between the active 
layer and the underlying permafrost. Therefore, they have 
been included in the concept of the permafrost monitoring 
network Switzerland (PERMOS).
Air temperature, radiation, and wind speed among others 
have been measured directly at the borehole site on the rock 
glacier since January 1997. In addition, there is a meteoro-
logical station on the summit cable car station that has been 
run by MeteoSwiss since 1983. With the help of this meteo-
rological station the air temperature at Murtèl-Corvatsch was 
reconstructed from 1997 back until 1987, which is when the 
ground temperature measurements started. The same recon-
struction is made for the surface temperature measurements, 
which have been recorded since 2001 by an IR thermom-
eter. Since 1972, snow depths have been continuously mea-
sured in winter (October to May) at the middle station of the 
Corvatsch cable car by the Snow and Avalanche Research 
Institute in Davos. These data are compared and adjusted 
to the direct measurements made at the Murtèl-Corvatsch 
station, which allowed a continuous reconstruction of snow 
depth for the period 1988ñ2007. These reconstructions were 
necessary to have a continuous data record directly at the 
measurement site of the Murtèl borehole.
The micrometeorological station measures air temperature, 
wind speed and direction, humidity, snow depth, as well as all 
components of the radiation balance every 10 minutes which 
is logged every half-hour as a 30-minute mean (cf. sensor 
description in Table 1). Meteorological measurements in 
high-alpine environments are difficult because of the harsh 
climatic conditions. This results in many periods without 
data. Such periods are caused by lightning, avalanches, 
rime-ice, or burying of the instrumentation by snowfall.
Ground temperature masurements at Murtèl-Corvatsch
The Murtèl borehole from 1987 was drilled down to 58 m, 
but in this study only the uppermost thermistors, down to 6 
m, are  analyzed. The measuring interval is 24 hours.
Seven thermistors were placed in the uppermost 90 cm of 
the active layer less than 2 m from the microclimate station 
and in close vicinity of the borehole. Five thermistors are 
placed 5 cm deep in the boulders, while two thermistors are 
hanging in cavities between the boulders, thus measuring 
the ambient air temperatures. They are described in detail 
by Hanson & Hoelzle 2003, 2004. Temperatures were 
registered every minute and logged as a 5-minute mean. All 
thermistors were calibrated before their placement and are 
annually indirectly calibrated by the zero curtain in spring. 
In the Chastelets area, five boreholes were drilled in 
the year 2002. These boreholes are described in detail by 
Hanson & Hoelzle 2005. The boreholes were selected using 
the criteria that aspect and climatic conditions should be the 
same and that only the surface characteristics are different, 
such as, for example, coarse debris or bedrock.
Meteorological measurements at Schilthorn
The study area in the Schilthorn massif is situated at the 
transition between the Prealps in the north and the principle 
chain of the Bernese Alps, which exceed 4000 m a.s.l. The 
Schilthorn summit reaches 2970 m a.s.l. and is located at 
46°34′N, 7°50′E.
Today, only perennial snow patches can be found, which 
have been shrinking considerably as a consequence of the 
warm 1980s and 1990s (Imhof 2000).
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Table 2. Mean monthly values of different meteorological 
measurements at the Murtèl-Corvatsch site from 1988 to 2006.
Monthly mean 
1988-2006
Air 
temperature 
[°C]
Snow 
height 
[m]
Borehole 
temperature 
(depth = 
3.6 m) [°C]
January -7.42 0.64 -2.24
February -8.79 0.70 -2.84
March -6.91 0.82 -3.20
April -5.06 0.94 -3.57
May 0.24 0.67 -2.87
June 3.59 0.21 -0.75
July 6.50 0.02 -0.42
August 6.65 0.01 -0.29
September 2.81 0.02 -0.20
October -0.09 0.08 -0.18
November -5.31 0.32 -0.26
December -7.38 0.52 -1.16
Average -1.76 0.41 -1.50
Table 3. Mean monthly values of different meteorological 
measurements at the Schilthorn site from 1999 to 2007.
Monthly mean
1999-2007
Air 
temperature 
[°C]
Snow 
height [m]
Borehole 
temperature 
(depth = 
5 m) [°C]
January -9.60 1.10 -0.10
February -9.27 1.12 -0.26
March -7.62 1.25 -0.60
April -4.79 1.48 -0.87
May -0.33 1.59 -0.92
June 2.74 1.20 -0.77
July 3.87 0.29 -0.46
August 3.93 0.03 -0.25
September 2.6 0.02 0.07
October -0.98 0.22 0.03
November -5.86 0.50 -0.04
December -7.88 0.88 -0.08
Average -2.77 0.81 -0.35
Due to its geographic situation (exposed to moist western 
winds), the climate in the Schilthorn massif is of almost mari-
time alpine character; i.e., with fairly abundant precipitation, 
showing a distinct summer maximum. The mean annual accu-
mulation in Lauterbrunnen (valley floor) is 1234 mm, whereas 
about 2700 mm were estimated on the highest summits, where 
about 90% of the precipitation falls as snow (Imhof 2000). 
Consequently, the surface is snow-covered for longer than in 
most of the comparable regions of the central Alps. 
The microclimatological station was installed about 100 
m to the northwest of the Schilthorn summit at 2900 m a.s.l. 
in 1998.
Ground temperature measurements at Schilthorn
Also in 1998, a 14-m deep borehole was drilled into 
bedrock a few meters to the northwest of the climate station 
and equipped with a thermistor chain. Two additional 
boreholes were drilled in the year 2000: a vertical one with 
a depth of 100 m and a horizontal one with a depth of 92 
m. The borehole data show that the active layer reaches, in 
general, to a depth of about 5 m, and that the MAGT at 14 m 
depth is around -0.5 to -0.7°C. Thus, permafrost is present at 
the drill sites but is rather warm.
Results
Meteorological measurements at Murtèl-Corvatsch and 
Schilthorn
Tables 2 and 3 show the mean monthly values for the 
three variables (1) air temperature, measured 2 m above the 
ground, (2) snow height, and (3) ground temperature at 3.6 
m and 5.0 m below surface at the top of permafrost.
As ground temperature data for Murtèl-Corvatsch exist 
from 1987 onwards, air temperature and snow depth were 
reconstructed as needed. 
Schilthorn meteorological and ground temperature data 
recording started in 1998/99. The mean ground temperature 
at 3.6 m depth represents the TTOP. Air temperature has an 
annual peak amplitude at Murtèl-Corvatsch of 15.4°C and 
at Schilthorn of 13.5°C. Mean snow depth at Schilthorn is 
approximately double that of Murtèl-Corvatsch. 
These values indicate that Murtèl-Corvatsch has a more 
continental climate than Schilthorn. Schilthorn is situated 
around 300 m higher than Murtèl-Corvatsch. Despite this 
elevation difference, the ground temperatures at Murtèl-
Corvatsch are by far -1.2°C colder.
TTOP at Schilthorn is at a depth of around 5 m; however, in 
the year 2003, the active layer thickness increased to around 
9 m. This was caused by the heat wave of 2003 which lead 
to warmer TTOP temperatures than normal. This can also be 
recognized in Figure 2.
Time series of air temperature, snow depth, and ground 
temperatures at Murtèl-Corvatsch
Figure 1 displays the continuous mean monthly data set 
from 1988 to 2007 for air temperature, snow depth, and 
ground temperature at TTOP 3.6 m below surface. The time 
series illustrates the influence of snow cover on the TTOP. 
The winters 1993/94, 1996/97, 2000/01, and 2002/03 had 
snow depths that far exceeded normal conditions. As a 
result, the TTOP were very warm, even in the year 2002/03 
which had very cold winter air temperatures. In contrast, the 
winters 1988/89 and especially 2001/02 had below-average 
snow conditions, which resulted in very cold TTOP. An 
exception was the winter 2006/07, which had the lowest 
snow depth since the beginning of the snow measurements 
in 1972. It did not result in the coldest TTOP, because winter 
air temperatures were the warmest ever recorded at the 
meteorological stations in the Corvatsch area.
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Figure 1. Monthly air temperature, snow depth and ground temperature 
at TTOP in 3.6 m depth at Murtèl-Corvatsch (borehole 2/87).
Figure 2. Monthly air temperature, snow depth and ground 
temperature at TTOP in 5.0 m depth at Schilthorn (borehole 
51/98).
Figure 3. Daily ground temperatures in all boreholes at 5 m depth.
Table 4. Surface offset (temperature at 0.5 m depth – air temperature) 
and total offset (including thermal offset) 1) temperature at 2.5 
m depth – air temperature; 2) temperature at 4.5 m depth – air 
temperature) for different boreholes and years. The rows in grey 
show the values for the permafrost boreholes.
Borehole Measurement 
period
Surface 
offset
Total 
offset 1
Total 
offset 2
Murtèl 2/87 1997/98 1.50 0.33 -0.12
Murtèl 2/87 2001/02 0.26 -0.33 -0.50
Murtèl 2/87 2002/03 1.33 0.02 -0.37
Murtèl 2/87 2003/04 1.40 0.73 0.28
Murtèl 2/87 2004/05 0.41 0.10 -0.37
Murtèl surface 
block
2003/04 2.08
Murtèl surface 
block
2004/05 1.24
Murtèl below 
surface block
2003/04 1.39
Murtèl below 
surface block
2004/05 0.50
Chastelets B30 2002/03 4.57 3.63 3.35
Chastelets B31 2002/03 2.89 1.85 1.38
Chastelets B32 2002/03 4.66 3.79 3.32
Chastelets B33 2002/03 2.49 0.62 0.32
Chastelets B34 2002/03 3.37 2.22 1.36
Chastelets B30 2004/05 3.52 3.62 4.06
Chastelets B31 2004/05 1.51 2.14 2.02
Chastelets B32 2004/05 3.41 3.56 3.72
Chastelets B33 2004/05 1.11 0.00 0.36
Chastelets B34 2004/05 2.21 2.11 1.94
Murtèl rock 2003/04 4.61
Murtèl rock 2004/05 4.08
Murtèl rock 2005/06 3.98
Schilthorn 
51/98
1999/00 2.49 2.70 2.49
Schilthorn 
51/98
2005/06 2.85 2.72 2.66
Schilthorn 
50/00
2005/06 2.90 2.88 2.77
Stockhorn 
60/00
2002/03 -1.28 4.98 3.72
Time series of air temperature, snow depth, and ground 
temperature at Schilthorn
Figure 2 shows the mean monthly data set from 1999 
to 2007 for air temperature, snow depth, and ground 
temperature at TTOP in a depth of 5.0 m. The time series 
from the Schilthorn does not reflect the influence of the 
snow cover on the TTOP temperature as well as the Murtèl-
Corvatsch series does. The winter snow cover at Schilthorn 
shows less variability than at Murtèl-Corvatsch.
In general, winter snow cover at Schilthorn starts earlier 
and reaches greater snow thicknesses than at Murtèl-
Corvatsch. This results in stronger warming than at Murtèl-
Corvatsch. Additionally, the surface layer at the Schilthorn is 
composed of fine-grained material containing more unfrozen 
water and resulting, therefore, in reduced cooling because of 
latent heat effects.
Time series of different ground temperatures at all 
investigation sites
Figure 3 shows the temperature development since 2002 
within all boreholes investigated in this study. After the 
very warm summer 2003, a slight cooling trend is observed 
within all boreholes. This effect can mainly be attributed to 
less winter snow (see also Fig. 1).
Offset data at all sites
Table 4 shows the surface offset and total offset for several 
years and borehole sites. These selected data only include 
years that have less than 10% data gaps. The data show that 
at most permafrost sites the surface offset is less than at per-
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Figure 4. Different offset values shown from the mean data 
measured at the Murtèl-Corvatsch.
Figure 5. Different offset values shown from the mean data 
measured at the Schilthorn.
mafrost-free sites. The range of surface offset at the perma-
frost sites varies from less than 0 up to 2.9°C, but between 
3.41 and 4.6°C at permafrost-free sites. Borehole 34 lies in 
between and should be treated as a special case, because this 
site is at the edge of a rock glacier within fine material and 
the lowest temperature sensor at 6 m depth is close to 0°C, 
indicating permafrost below but not in this borehole.
In Figures 4 and 5, the surface offset and thermal offset, 
including the offset between MAAT and MAST, are shown 
as an average over the whole measurement period for Murtèl-
Corvatsch (Fig. 4) and Schilthorn (Fig. 5). The offset data 
reveal that the mean difference between MAAT and MAST 
is 1.12°C at Murtèl-Corvatsch and 1.24°C at Schilthorn, 
respectively. The offset between MAST and MAGST is 
3.62°C at Murtèl-Corvatsch and 3.99°C at Schilthorn.
The offset usually called surface offset (MAGST – MAAT) 
is 1.50°C at Murtèl-Corvatsch and 2.75°C at Schilthorn. The 
offset usually called thermal offset (TTOP –MAGST) is 
1.53°C at Murtèl-Corvatsch and 0.33°C at Schilthorn. The 
total offset (TTOP – MAAT) at Murtèl-Corvatsch with a 
value of 0.17°C is considerably smaller than at Schilthorn 
with 2.42°C.
Discussion and Conclusions
The long-term data sets collected in the last 20 years 
within the monitoring project PERMOS, together with the 
additional data, form a unique archive that is becoming more 
and more valuable. The time series at Murtèl-Corvatsch and 
Schilthorn not only reveal how the TTOP are related to snow 
cover and air temperature, but they also show the different 
behavior at the different investigation sites mainly caused by 
variable surface and subsurface characteristics.
However, the variability of the offsets between the 
permafrost sites is high. As an example, the surface offset at 
Murtèl-Corvatsch is more or less compensated by the thermal 
offset in the ground, which results in a very small total offset 
of only 0.17°C. In contrast, at Schilthorn the surface offset is 
dominating and the thermal offset is very small, resulting in 
a larger total offset of 2.42°C.
In the future, the concept of working with different offset 
values, based on long-term measurements, may help to better 
understand the processes between atmosphere and mountain 
permafrost and, therefore, will help to build up simple 
relationships for modeling mountain permafrost (Noetzli et 
al. this volume) and to better interpret the development of 
temperature and related ice content in the ground (Hilbich 
et al. this volume).
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